A frequency reconfigurable antenna array is presented. The array consists of eight arms with two different feed networks. By controlling PIN diode switches, high frequency array with four dipole elements and low frequency array with two dipole elements can be obtained, respectively. Resonant frequencies within the ranges of 1.0-2.5 GHz (Case I) and 2.5-6.0 GHz (Case II) can be achieved, which translates into an overall tuning ratio of 6:1 (1.0-6.0 GHz) for the antenna array. The proposed antenna array is simulated, fabricated, and tested with good agreement between measurements and simulations.
Introduction
Many antennas are able to cover more than one frequency band without the need for active tuning using switches or other techniques, which almost cannot satisfy the need of wide frequency tuning ratio. To achieve this performance, many frequency reconfigurable antennas [1, 2, 3, 4, 5, 6, 7, 8] and reconfigurable frequency selective surfaces [9, 10] with wide tuning ratio were published. They can use switching components such as PIN diodes, varactor diodes, and microelectromechanical systems (MEMS) to provide multi-band operation more easily. However, it is greatly hard to queue an antenna array with these elements operating more than a frequency tuning ratio of 3:1. Because it hardly can be confirmed that a reasonable arrangement spacing for the array to get good radiation characteristics especially at high frequencies. After the efforts of scholars, in [11] , the author proposed a way to solve this problem, putting the high frequency array as a pixel structure to put together the relatively low frequency resonant structure.
However, it is hard to design the feeding structure of this arrangement. Because it cannot be designed to feed low frequency structures within the size of high frequency structure, especially in the case of ultra-wideband tuning rates.
In this paper, a wideband frequency reconfigurable antenna array with an overall tuning ratio of 6:1 is proposed. In order to avoid the influence of array spacing on the radiation characteristics, it is designed that different array spacing for high frequency element and low frequency element, respectively. What's more, a feed network covering full band is used to excite the proposed antenna within the whole operating band. And for simplifying the design and processing complexity of the antenna, we designed a one-dimensional cascade reconfigurable antenna array, rather than two-dimensional cascade. The yellow structure is the dielectric substrate; the green structure is located on the top layer; the red and the gray structures are located on the bottom layer. In Fig. 1(a) , with the hard shorts, namely, RF signals are transmitted by using the short-circuit branches instead of diodes, a larger dipole element can be obtained, whose current is marked with dashed arrows. Besides, two smaller dipole elements also can be achieved in Fig. 1(b) . In Fig. 1(c) , gaps are bridged using diodes to create RF shorts, that means, by controlling the DC bias circuit, RF signals are transmitted with the conduction characteristics of diodes. Both the hard shorts and the RF shorts allow current to flow between the elements and create a new structure. In Fig. 1(d) , part of the structure shown in Fig. 1 (c) is amplified to show the details of diode placement, grouping and orientation.
The antenna consists of three parts, the radiation structure, direct-current (DC) bias circuit network and RF power divider. Radiation structure consists of 4 Â 1 high frequency dipole antennas which can be tuned to 2 Â 1 low frequency dipole antennas, which is fed by two groups of microstrip-to-slotline structure. The choice of working modes is controlled by the RF switches on or off (see Table I ). And the feed structure is motivated, the structures are red, otherwise they are gray (see Fig. 1 (a) and Fig. 1(b) ).
In this design, each switch is realized by two PIN diodes in series for good isolation. Each PIN diode can be forward biased to ON state with a DC voltage, or be left unbiased. In addition, the equivalent circuit of the PIN diode is described in Fig. 2 , while the values of the elements at both chosen biasing conditions are also given. What's more, the special triangle directors of antenna achieve a wide band performance for two Cases; at both ends of dipoles with inductors connected to the DC bias circuit, the position of which is selected after optimization, with little impact on the RF signals. To choke the DC signal in the RF ground, a gap was designed, which was connected with capacitance to transmit RF signals; RF power divider consists of a set of 2-way low frequency and a set of 4-way high frequency power divider. Both of RF power divider and DC bias circuit network are designed on the reflective ground plane.
The substrate had a total width of 103.5 mm, length of 216.5 mm and height of 1.3 mm for the radiation structure and a width of 63.0 mm, length of 234.0 mm and height of 1.0 mm for the reflective floor. The arrays have a total width (W) of 63.0 mm, a total length (L) of 216.5 mm and a total height (H) of 104.5 mm as indicated in Fig. 5 .
Numerical and experimental results and discussions
Simulations were performed using ANSYS HFSS. The results for arrays in Case I and Case II are showed in Fig. 3 and Fig. 4 .
It can be seen that the array can be switched in two cases, through the control of the hard short states. Thus, two bands for high frequency and low frequency can be merged to provide an ultra-wide bandwidth of 1.0-6.0 GHz. And the arrays also have good radiation characteristics over the whole band. The overall tuning ratio of 6:1 is proposed. The radiation structures of antennas were fabricated on a FR4 substrate (h = 1.3 mm), with a dielectric constant of 4.4 and a loss tangent of 0.02. And the feed networks were also fabricated on the same substrate 1.0 mm thick. Eight arms were fabricated on the radiation structure which can be controlled to be two dipoles operating at 1.0∼2.5 GHz or be four dipoles operating at 2.5∼6.0 GHz with 32 PIN diodes (SMP1345-079LF). Inductors (220 nH) are adopted in the dc-biasing circuits for RF isolation. Capacitors (22 uF) across the DC choke of the RF ground are used to act as RF connectors (see Fig. 5 ). When port 1 (case I) performance is measured, port 2 (case II) is connected to a 50 ohm matching load, and vice versa. The reflection coefficients were measured using the Wiltron 37269A Network Analyzer and the radiation patterns and gains were measured by the time-gating method.
All three fabricated antennas were measured and the results are shown in Fig. 3  and Fig. 4 . It can be seen that the VSWR at different case are as good as we expect. Small changes of VSWR of RF short arrays at high frequency range were found because of the increased loss of PIN diodes. And the declined Peak Gain in all frequency bands is discussed in next part. What's more, the radiation patterns of RF short arrays were maintained although the gain observed is less than with hard short arrays. These values agree well with what was predicted by simulation. Table II compares the performance of this antenna to other frequency-reconfigurable antennas. The results show that wide tunable ratio can be achieved while maintaining good bandwidth performance.
Antenna losses discussions
The schematic circuit of single arm losses of the RF short antenna are showed in Fig. 6 . It comprises the losses of ON station diodes, OFF station diodes and biased network components. The parameters of them have a great change in different frequencies and can be found in the device manuals (see Table III ). In this RF short antenna design, each switch is realized by two PIN diodes in series for good isolation at OFF station (less than −14 dB), which can be ignored in antenna losses. So the number of ON station diodes and the biased network components are just considered as N and M parameters. Fig. 7 shows measured difference gain between RF short and hard short antennas at different cases. And with the parameters of N and M (case I: N = 4, M = 2; case II: N = 2, M = 1), the calculated result is also given. It can be seen that the measured results are consistent with the calculated ones. 
